INTRODUCTION
A valuable exercise when developing improved techniques for processing and interpretation of 3D seismic data is to conduct forward modelling of known 3D geological models, and use the resulting datasets for the validation of the techniques. The creation of these 3D geological models itself requires a valid and repeatable approach in order that the models are produced to a consistent level that are suitable for acoustic and elastic modelling and meaningful in their representation of hard rock geology. In addition, if the Madagascar open-source software (Madagascar, 2012a) forward modelling program suite is being used, the 3D model format needs to be in the associated RSF file format and be discretised and ordered in the appropriate manner.
In the absence of existing 3D discretised models of density and velocity values these need to be constructed from idealised or existing geological interpretations. When these interpretations exist as surfaces in a geological interpretation software package then a sequence of steps (or workflow) needs to be followed to reliably generate a binary 3D regular grid dataset suitable for use as input to the 3D acoustic and elastic forward modelling routines.
3D geological models can be generated in a number of ways and from a variety of data sources. Authors such as Caumon et al (2009), de Kemp and Sprague (2003) Sprague and de Kemp (2005) describe approaches to creating 3D models of geological structures as surfaces. Other authors such as Calcagnoa et al (2008) and Guillena et al (2008) are concerned with building geologically models from original geological field data and knowledge. The latter models may or may not be of the appropriate type or format for seismic forward modelling and their construction would require extensive geological expertise, which may or may not be available to the investigating geophysicist.
If these models are available and are suitable then they can be used to fast track the model preparation process. However, if models are not immediately available then the available geological information needs to be utilised to create the desired 3D models. We have developed a framework by which the required 3D density and seismic velocity models can be generated. 3D models suitable for seismic forward modelling need to be discretised into regular grids, specifically for Madagascar input these need to be in RSF file format. These grids contain the variations of density and velocity values representing the different rock types and rock characteristics across the volume of interest. A specific workflow and approach is not evident in the literature for building the required 3D models in RSF format from geological surfaces information.
METHOD
We developed a framework (workflow and software tools) to generate 3D models from GOCAD Surfaces and used these to generate density and P-wave velocity input data required for the particular Madagascar 3D acoustic modelling routine being used. We performed 3D acoustic simulations with single shot and with exploding reflector (located on extracted geological surface) configurations.
If 3D discretised models are available from other sources then elements of this framework can be skipped; however, it is still likely that the conversion to RSF file format and re-ordering of axes will be required and possibly the allocation of suitable SUMMARY A special challenge of hard rock exploration is to identify targets of interest within complex geological settings. Interpretation of the geology can be made from direct geological observations and knowledge of the area, and from 2D or 3D seismic surveys. These interpretations can be developed into 3D geological models that provide the basis for predictions as to likely targets for drilling and/or mining. To verify these predictions we need to simulate 3D seismic wave propagation in the proposed geological models and compare the simulation results to seismic survey data. To achieve this we convert geological surfaces created in an interpretation software package into discretised block models representing the different lithostratigraphic units, and segment these into discrete volumes to which appropriate density and seismic velocity values are assigned. This approach allows us to scale models appropriately for desired wave propagation parameters and to go from local to global geological models and vice versa. Then we use these digital models with forward modelling codes to undertake numerous 3D acoustic wave simulations. Simulations are performed with single shot and with exploding reflector (located on extracted geological surface) configurations. density and velocity values to grid cells in the relevant discretised models. The initial geological data (for an area of the Kambalda dome covering St Ives) was provided by Gold Fields as surfaces in GOCAD format (Figure 1 ). These surfaces were imported as objects into an empty GOCAD project to begin the discretisation process.
Figure 1. Geo1ogical boundaries and shear zones shown as surfaces in GOCAD.
The next step we took was to convert these to discretised regions within a 3D grid. In cases where all the relevant surfaces are 'watertight' (i.e. extend to or beyond the boundaries of the desired grid extent) they can be discretised within GOCAD using the SGrid and/or Model tools. However, this is not always the case and so additional (and more generic) ways were developed to tackle this externally to the interpretation environment. We have chosen to implement these steps as code written in the Python programming language (Python, 2012) because of its open source, crossplatform nature and integration with the Madagascar program suite. Python also gives us access to wide range of powerful and open source data handling and processing modules, and is suitable for use on supercomputers.
In the initial case study the surfaces represented two different geological features:
i. boundary of different lithology; and ii.
shear zones.
We discretised these two different types of surfaces in a series of separate steps to create a single model of the local geological volume, as described below.
Labelling a volume of interest in a bounded 3D cube
A subset region of interest is required that contains all the desired surfaces and for which these surfaces extended to or beyond the boundary of the region (i.e. that is 'watertight'). If the surfaces do not extend to the boundary of the region then the lithology on either side of the boundaries will be set to the same rock type, even when this should not be the case. In some cases it is possible to extrapolate the surfaces to the boundaries within the geological interpretation software. Alternatively this can be done outside of the interpretation software using custom Python programming routines.
We initially labelled the regions with purpose-written Python code that uses an open source watershed algorithm (Scipy, 2012) . This routine labels every disconnected volume with an integer number. By default, we assign the surfaces that are not in the volume of interest with a label '0'. Then, by using an interpolation algorithm within the Python code, a lithology label is estimated for each surface. The assigned labels are not sorted and a large number of unnecessary lithology labels can be generated during this step. At this stage some housekeeping steps were carried out to clean up the unnecessary labels, most of which are near to boundaries. We removed these small distributions of lithology labels by using a dilation function within the Python code and re-assigning them with a label of the most probable lithology based on their nearest (or next nearest) voxels (grid cells). Figure 3 shows a 2D XY slice through the volume of interest with different colours corresponding to different lithology labels. We added the shear zones in a separate step because they cut across the lithology boundaries and because each shear zone is represented by a pair of closely spaced surfaces. Each shear zones is converted into a continuous zone of a single unique label.
Before adding the shear zones, the arrangement of grid cells that represent them have to be smoothed. These are smoothed by first using a dilation of each shear zone with a filter of next nearest neighbours, and then by an erosion (to return the zones to more or less the original width). These functions are basic mathematical image processing (morphological) functions (Scipy, 2012) . After smoothing, we add the shear zones to the volume of interest generated in the previous step. Figure 4 shows a 2D XY slice of the region of interest with the added shear zones (cf. Figure 3) . 
Preparing a geological model for acoustic (or elastic) forward modelling
To use the discretised geological model created in the previous step for seismic forward modelling, the size of the model's voxels has to be matched to a size that is appropriate to the seismic wave propagation simulation. For example, a voxel size of (3x3x3) m 3 is deemed necessary for acoustic modelling in the current case and the model created in the previous step has a voxel size of (8x10x13) m 3 . Therefore, we selected a suitable volume of interest for use in the seismic modelling and applied an interpolation function to rediscretise the volume of interest with the required new voxel size of (3x3x3) m 3 . Figure 5 shows a section through the volume of interest for seismic forward modelling that was extracted from the region shown in Figure 4 . 
Extracting reflection surfaces from the geological model
In order to use exploding reflector modelling the appropriate surfaces of the model need to be isolated and defined by sufficient x,y,z coordinates. We extracted the desired seismic reflection surfaces from the volume of interest by applying the Sobel derivative function (Scipy, 2012) to the model created in the previous step.
Seismic forward modelling
The preceding steps produced 3D models of the geology and reflecting surfaces that were then assigned with appropriate values for input to the 3D seismic forward modelling.
The speed of the forward modelling is related to the number of cells in the model which is dependent on the size of geological model, velocity structure and number of time steps to be computed. For bigger geological models, the acoustic and elastic forward modelling programs provided in the Madagascar software package are preferred as they are parallelised and run on a suitable multi-processor supercomputer (e.g. on the iVEC Pawsey Supercomputers).
We modelled seismic wave propagation through the prepared geological model using the Madagascar sfawefd3d 3D acoustic modelling routine (Madagascar, 2012b) .
We obtained results using the prepared models and surfaces as input for acoustic modelling simulations with single shot and with exploding reflector configurations.
RESULTS
The Madagascar sfawefd3d 3D acoustic modelling routine numerically solves acoustic wave propagation in 3D, by using 4 th order in space and 2 nd order in time finite difference algorithm (Madagascar, 2012b) . For our first example, we mapped the seismic P-wave velocity to the geological model using a linear function from 4000-6500 m/s based on the rock type indexes allocated within the volume of interest in the previous sections. Similarly, we assigned the density using a linear function from 0.9-1.0 kg/m 3 based on the rock type indexes. The seismic source wavelet was simulated as a Ricker wavelet with a central frequency of 40 Hz. A representation of a stacked seismic section can be obtained by 'exploding' the interfaces (layer surfaces) in the 3D geological model, after charging them with an 'explosive' proportional to the reflection coefficient. For these exploding reflectors we used a Ricker wavelet source function with the same frequency as used for the single shot case. Figure 6 shows an early snap shot, just after the 'explosion' of the model shown in Figure 5 . Figure 7 shows an example of the stacked seismic section representation obtained from the exploding reflector acoustic modelling. 
CONCLUSIONS
We have successfully developed a workflow and associated software tools that can be used to generate valid seismic property input models for seismic forward modelling. The techniques we developed and used allowed for flexibility, variety of starting data format, reproducibility and use of supercomputing resources. The starting geological data was provided as GOCAD Surfaces and these were discretised, cropped to volume of interest, indexed (to represent different rock type or seismic characteristic), scaled and re-gridded (to suit acoustic modelling of wave propagation) and successfully used as input data for acoustic forward modelling exercises with Madagascar. In addition, we extracted seismic reflecting surfaces from the geological models for use as exploding reflectors in our forward modelling examples.
Although in this case study we used geological data that was provided as GOCAD Surface files, the workflow and majority of software techniques can be applied or modified to suit geological data originating from different sources or in different formats. Depending on the specific nature of the geological interpretation data that is provided, a greater or lesser amount of the discretisation can natively be performed within the interpretation environment.
However, we anticipate (and propose) that the larger portion is handled outside of the geological interpretation environment for greater flexibility and because the greater processing power of a supercomputer (i.e. iVEC Pawsey Supercomputers) can be leveraged to tackle this potentially computationally intensive task. Also, since Madagascar is being used for the forward modelling, there is value in having the models generated on the same compute resource. Future work will include comparisons with seismic data obtained from seismic survey lines across the region of interest that has been forward modelled.
